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Abstract 
Toshiba has studied reduction technologies against amine emissions with 10ton-CO2/day scale pilot plant and achieved the 
reduction of amine emissions to less than 1 ppm(v/v) at 2,800 hours operation. To further reduce amine emissions, we carried out 
experimental studies of CO2 impact on aerosol formation in the amine scrubbing process. It was found that a remarkable increase 
in the number of aerosols, especially lager particle, was observed due to CO2 existence. In addition, we also verified the role of 
CO2 loading on aerosol formation. As a result, It was found that the higher the CO2 loading became, the lower CO2 impacted on 
aerosol formation until finally under full loading, where a mutual interaction between CO2 and absorbent is no longer strong, the 
two properties of aerosols derived from both 12vol% CO2 gas bubbling and 0vol% CO2 gas bubbling match each other regardless 
of CO2 existence. Therefore, this result suggests that the mutual interaction effect between CO2 and absorbent plays a big role in 
the source of surge in aerosol formation. Moreover, this research revealed that the absorbents developed by Toshiba, specifically 
TS-1 have significant advantages over 30wt% MEA solution in terms of mitigating non-gaseous amine emissions from the top of 
the absorber. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
In recent years, climate change resulting from an increase of CO2 concentration has become one of the most  
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important environmental issues in our time. One-fourth of CO2 generation source comes from the power generation 
sector, and is particular the burning of the fossil fuels in thermal power plants. 
Amine base post-combustion CO2 capture is a promising technique that can be rapidly and safely employed for 
substantially reducing carbon dioxide emissions from existing and near future power plants. Based on this 
understanding, Toshiba has focused on developing the post-combustion CO2 capture technology since 2007, and has 
designed and constructed a 10ton-CO2/day scale pilot plant at Mikawa coal fired thermal power plant run by Sigma 
Power Co. Ltd. In September 2009, the test operation started with actual flue gas to verify the performance of the 
system as well as absorbents such as Toshiba solvent (TS-1) [1] [2]. The latest result revealed the energy 
consumption for CO2 recovery at the stripper decreased to 2.4GJ/t-CO2 with more than 90% CO2 capture efficiency 
by using novel hindered amine solvent-A[5] [6] [7]. 
CCS plants must strive for low distiller heat consumption, and near-zero amine emissions; there are mainly two 
reasons for this. Firstly, amine emissions pose serious environmental risks with the resulting by-products being 
potentially more toxic than the parent amines themselves. The photo-oxidation of selected amines by NOX, HNO3, 
O3 and so on can produce nitrosamines and nitramines which are very likely to be carcinogenic. Secondly, the make-
up costs for lost amines would be quite expensive depending on the kind of amine. Therefore, it is crucial to reduce 
amine emissions to enable employment of full-scale CCS plants.  
Toshiba has studied reduction technologies against amine emissions with 10ton-CO2/day scale pilot plant and 
achieved the reduction of amine emissions to less than 1 ppm(v/v) at 2,800 hours operation, which includes a large 
amount of degradation amines likely to be emitted to atmosphere[4]. 
Amine emissions basically consist of gaseous components (vapor), non-gaseous components such as aerosol and 
droplets at varying sizes. The amount of non-gaseous components cannot be negligible. To improve demister 
performances and develop additional agents to reduce formation of amine aerosol during the amine scrubbing 
process, it is necessary to reveal influencing factors for aerosol formation. 
In this study, we carried out experimental study of CO2 impact on aerosol formation in the amine scrubbing 
process and evaluated absorbents in terms of mitigating non-gaseous amine emissions from the top of the absorber.  
2. Experimental Section 
2.1. Amine solvent 
All the amines except the amine-X were purchased from Tokyo Chemical Industry Co., Ltd. and Wako Pure 
Chemical Industries, Ltd. and were used without further purification. The amine-X was synthesized in our 
laboratory by reductive amination [9]. The purity and structure of the amine-X was established by GC and NMR 
spectroscopy, respectively. A new hindered amine solvent (absorbent-X) was prepared from amine-X. 
2.2. Measurement of amine aerosol 
The schematic drawing of aerosol measurement is presented in Figure 1.  0vol% CO2 gas(air) or 12vo% CO2 gas 
(N2 base) was adjusted to 5.7 NL/min by needle valve and mass flow meter, and supplied to an absorbent in a 2.6 L 
Vessel (aerosol generator) to provide simulatively the generation of aerosol during the amine scrubbing process in 
the absorber. To avoid errors between the sample gas and real conditions, we channeled all exhaust gases from the 
aerosol generator to the aerosol sensor without diluting. The aerosol generator was heated to the prescribed 
temperatures (30, 40, 50°C) by a water bath.  
Amine aerosols contained in outlet gases from the mist generator go up through the straight pipe (φ12 mm) to the 
aerosol sensor to detect amine aerosols. On the other hand, droplets contained in outlet gases fall to the droplet trap 
installed at bottom of the straight pipe for protection of blocking a gas line. 
The aerosol sensor was connected to the aerosol spectrometer (Welas2070, PALAS GmbH) via fiber-optic cable, 
which allows sending detection information. Moreover, the exhaust gases from the aerosol sensor were detected 
CO2 concentration to estimate CO2 loading, using the following equation 1 and 2. 
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(1) 
 
 
(2) 
 
LCO2:CO2 loading [mol/mol-amine] 
Cin,k: molar fraction of CO2 in inlet gas [-]  
Cout,k: molar fraction of CO2 in outlet gas [-]  
Gin,k: gas flow rate of inlet gas [NL/min] 
Gout,k: gas flow rate of outlet gas [NL/min] 
L: volume of aqueous amine [L] 
D: molar concentration of amine in aqueous amine [mol/L] 
T: time [min] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Illustration of measurement of amine aerosol 
3. Results and discussion 
3.1. Assessment of repeatability 
Before conducting experiments on aerosol evaluation, we confirmed the repeatability of both a measurement and 
a generation for amine aerosol using the apparatus shown in Fig.1.  
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Figure 2 shows repeatedly measured results of aerosols by 30wt% MEA solution scrubbing process at 30°C. The 
number in Fig.2 (a) shows repeat counts of aerosol measurements (which takes one minute per one time) and the 
dates in Fig.2 (b) show measurement dates. It was checked that this method of experimentation done by using the 
apparatus with the aerosol spectrometer can provide to some extent high repeatability in the aerosol evaluation. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 (a) Repeatedly measurement results in same day (b) Measurement results in different days 
3.2. Influence of temperature for aerosol formation 
We investigated that how temperature affects the properties of aerosols generated by amine solvents scrubbing 
with 0vol% CO2 gas (air) at 30, 40, and 50°C respectively, as shown in figure 3 and 4. It was found that the property 
of aerosols derived from 30wt% MEA solution is not so much affected by temperature. On the other hand, it was 
found that aerosols derived from TS-1 as well as absorbent-X increase in number and shift larger particles 
depending on temperature rise. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Temperature effect for aerosol property from 30wt% MEA 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Temperature effect for aerosol property from (a) TS-1 (b) Absorbent-X 
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To clarify influence of temperature and differences among absorbents, the comparison results with respect to 
both “Total number concentration” and “Total mass concentration” are shown in figure 5. Especially, “Total mass 
concentration” is a significant factor because of corresponding to the amount of non-gaseous amine emissions from 
the top of the absorber.  
Our experimental results regarding “Total mass concentration” showed that Aerosols derived from two 
absorbents developed by Toshiba are much lower than that of 30wt% MEA solution due to a low ratio of lager 
particle.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 (a) Total number concentration   (b) Total mass concentration 
3.3. CO2 impact on aerosol formation 
We investigated that how CO2 impacts on the properties of aerosols generated by amine scrubbing with 12vol% 
CO2 gas at 30°C, as shown in figure 6. It is interesting to note that remarkable increase in number of aerosols, 
especially lager particles, was observed due to CO2 existence. This finding might indicate that the increase in 
number was caused by temperature rise from the heat of CO2 absorption. However, that possibility is likely to be 
very low because there is a huge deference between the aerosol properties caused by temperature rise and those 
caused by CO2. Moreover, it was confirmed that there was a negligible increase in bulk temperature (within 1°C) of 
aqueous amine in the aerosol generator. Consequently, another possible explanation is something effect of mutual 
interaction between CO2 and absorbent. 
Meanwhile, these data on Fig.6 describing “30°C with CO2” show the state under near-zero CO2 loading, which 
means the beginning of introducing 12vol% CO2 gas into amine absorbent. The influence of CO2 loading for aerosol 
formation will be covered in detail in the next chapter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 (a) CO2 impact on 30wt% MEA aerosols (b) CO2 impact on TS-1 aerosols 
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3.4. Influence of CO2 loading for aerosol formation 
Figure 7 shows a comparison of aerosols properties among a wide range CO2 loading, i.e. zero-loading, middle 
range loading(MEA;0.28 mol/mol, TS-1;0.21 mol/mol), near-full loading with 12vol% CO2 gas(MEA;0.54 mol/mol, 
TS-1;0.39 mol/mol), and zero-loading with 0vol% CO2 gas as a reference data(black closed squares in Fig.7). 
It was found that the higher CO2 loading became, the lower CO2 impacted on aerosol formation. Consequently, 
the property of aerosols derived from the CO2 loaded absorbents with 12vol% CO2 gas were approaching, 
depending on CO2 loading rise, to that of aerosols derived from zero-loading absorbents with 0vol% CO2 gas 
(reference data, black closed squares). It was also observed in 30wt% MEA solution that the number of aerosols 
derived from the near-full loading absorbent (0.54 mol/mol) were considerably lower than that of the aerosols 
derived from the zero-loading absorbent with 0vol% CO2 gas (reference data). This reason will be considered later 
by Figure 8. 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 7 (a) Influence of CO2 loading for 30wt% MEA aerosols (b) Influence of CO2 loading for TS-1 aerosols 
 
 
To clarify the influence of CO2 loading for aerosol formation with additional concrete data, the variation of both 
“Total number concentration” and “Total mass concentration” depending on CO2 loading are presented in figure 8. 
Blue closed circles show 12vol% CO2 gas was bubbled for aerosol formation, and black closed squares show 0vol% 
CO2 gas (air) was bubbled for aerosol formation at various CO2 loading.  
We found that both “Total number concentration” and “Total mass concentration” are significant influenced by 
CO2 loading, and under full loading ([ii] in Fig.8), where mutual interaction between CO2 and absorbent is no longer 
strong, the two results from both 12vol% CO2 gas bubbling and 0vol% CO2 gas(Air) bubbling match each other 
regardless of CO2 existence. This result suggests that mutual interaction effect between CO2 and absorbent plays a 
big role in the source of surge in aerosol formation.  
On the other hand, aerosols properties was changed moderately depending on CO2 loading even though 0vol% 
CO2 gas (Air) bubbling (without CO2). This finding may indicate that viscosity and surface tension of 30wt% MEA 
solution were changed depending on CO2 loading. In consequence, this is why the aerosols derived from near-full 
loading 30wt% MEA solution with 12vol% CO2 gas ([ii] in Fig.8) were lower than the aerosols derived from zero-
loading that with 0vol% CO2 gas (reference data) ([i] in Fig.8), which was described above in terms of this 
mismatch (Fig.7).  
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Figure 8 Influence of CO2 loading for (a) Total number concentration (b) Total mass concentration 
3.5. Evaluation of amine solvents against aerosol generation 
Finally, to evaluate amine solvents against aerosol generation with 12vol% CO2 under various CO2 loading, the 
comparison results of both “Total number concentration” and “Total mass concentration” are presented in Figure 9. 
It was found that in terms of “Total number concentration”, absorbent-x is the largest in these absorbents, and 
30wt% MEA solution and TS-1 are about the same.  
On the other hand, our experimental results regarding “Total mass concentration” under 12vol% CO2 existence 
showed that two absorbents developed by Toshiba are much lower than 30wt% MEA solution due to a low ratio of 
lager particle compared to 30wt% MEA. These results support that the absorbents developed by Toshiba, 
specifically TS-1 have significant advantages over 30wt% MEA solution in terms of mitigating non-gaseous amine 
emissions from the top of the absorber. 
Further research is needed to more accurately identify the mechanism for aerosol formation under CO2 existence, 
and to develop suppression methods such as outstanding demister, additional agents to further reduce none-gaseous 
amine emissions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 Comparisons of absorbents in terms of (a) Total number concentration (b) Total mass concentration 
4. Conclusion 
We carried out experimental study of CO2 impact on aerosol formation in amine scrubbing process. It is 
interesting to note that remarkable increase in number of aerosols, especially lager particle, was observed due to 
CO2 existence. In addition, we also verified the role of CO2 loading on aerosol formation. As a result, It was found 
that the higher the CO2 loading became, the lower CO2 impacted on aerosol formation until finally under full 
loading, where a mutual interaction between CO2 and absorbent is no longer strong, the two properties of aerosols 
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derived from both 12vol% CO2 gas bubbling and 0vol% CO2 gas bubbling match each other regardless of CO2 
existence. Therefore, this result suggests that mutual interaction effect between CO2 and absorbent plays a big role 
in the source of surge in aerosol formation. 
Moreover, our experimental results regarding “Total mass concentration” of amine aerosols (under CO2 
existence) showed that two absorbents developed by Toshiba are much lower than 30wt% MEA solution due to a 
low ratio of lager particle. These results support that the absorbents developed by Toshiba, specifically TS-1 have 
significant advantages over 30wt% MEA solution as a conventional absorbent in terms of mitigating non-gaseous 
amine emissions from the top of the absorber. Toshiba will utilize the results of this study to further improve and 
optimize the performances for suppression amine emissions. 
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